Abstract Within this paper we present a general study on the resolution limits of scanning spreading resistance microscopy (SSRM) and scanning capacitance microscopy (SCM). The definition of the resolution concept is not straightforward for carrier profiling techniques and has to be divided into three main parameters: the spatial resolution, the dopant gradient resolution and the concentration sensitivity. Dedicated structures were conceived and processed for this analysis. The present study shows that the SSRM technique has a good spatial resolution (better than 3 nm), dopant gradient resolution (a few nm/dec) and concentration sensitivity. This excellent performance of the SSRM technique can probably be explained by the intimate contact between the probe and the sample and by the absence of stray effects. The SCM technique also offers a reasonable spatial resolution but suffers from a lower signal to noise ratio that may affect its practical use.
INTRODUCTION
In order to assess the performance of various IDprofiling techniques, it is essential to arrive at a unique and verifiable definition of spatial resolution. Different from the definitions used in optical microscopy, the simple length scale concept (1-5 nm for instance) is not applicable without specifying additional details of the dopant structure or turns out to be incomplete as an assessment parameter.
A simple length scale can be used when discussing the ability to resolve the precise location of a p-n junction, the thickness of an oxide etc. For dopant profiling applications an equally (even more) relevant number is the resolvable dopant gradient (nm/dec), as a length scale has no meaning unless one specifies the concentration difference between the points one is trying to resolve. To complicate the situation even further, the dopant gradient needs to be specified around a particular doping level as the "natural" outdiffusion of the mobile carriers (~ Debye length) will limit the detected dopant gradient at low concentrations regardless of the intrinsic performance of the analysis technique. Finally the third parameter, which enters into the assessment, is the concentration sensitivity, which can be viewed as the ability to detect marginally different concentration levels.
For AFM-based techniques, the length scale resolution will, among others, be set by the tip radius whereas the dopant gradient will also depend on the sampling volume and the concentration sensitivity. Concentration sensitivity is set by the intrinsic properties of the technique and the signal to noise ratio occurring in its actual implementation. In this paper, a systematic study of the resolution concept has been realized for two well known AFM-based twodimensional carrier profiling tools, the Scanning Capacitance Microscopy (SCM) [1] and the Scanning Spreading Resistance Microscopy (SSRM) [2] .
EXPERIMENTAL
All SSRM and SCM measurements have been performed on a Digital Instruments 3100 AFMmicroscope equipped with the most recent modules for SSRM and SCM. SSRM data are taken with foil diamond tips fabricated at Imec (estimated radius 5-10 nm) [3] . Optimized resolution is obtained when reducing the deflection set point as much as possible. The sample bias is varied for optimum performance (see further) but is typically +/-50 mV. SCM measurements are taken with a IVac and 0 Vdc bias using Ptlr-coated metal tips (estimated radius 5-10nm). The sample preparation is been described in detail in [4] , Multiple tips are used for both techniques to ensure that aging of the tip is not influencing the results and highlight consistency of the results Depth (microns) FIGURE 1. (left) TEM measurement of a 3.3-3.5 nm buried oxide structure (right) Single line scan SSRM measurement across this buried oxide (realized with a full diamond probe and 50mV/-50mV as bias potential on the probe).
RESULTS

Spatial resolution
For the spatial resolution analysis, a special set of test structures with thin buried oxide layers (ranging from 50 nm to 0.8 nm) in between a highly doped silicon layer and a highly doped poly-silicon layer has been realized. The thickness of the oxides has been verified using cross sectional TEM measurements. The latter represents an ideal case for the assessment of the length scale resolution as there is no carrier outdiffusion from the oxide region. Hence the thickness of the oxide as detected with SCM and SSRM, can be somewhat arbitrarily defined as the spatial resolution of the method. As it can be seen in Fig. 1 , which represents single line scan, SSRM is easily capable of detecting a 3.3-3.5 nm buried oxide. The presence of the (non-conducting) oxide leads to drastic increase in the resistance signal (almost a factor 10), As soon as the tip diameter is less than the oxide thickness, one would expect to measure (at least in one data point) the intrinsic resistance of an oxide (in our set up usually more than 100 GO). However the latter ignores any surface conduction as well as any tunneling through the (extremely thin) oxide surrounding the tip. Hence even when the tip diameter is less than the oxide thickness one does not expect to measure the full oxide resistance. Detailed calculations (ignoring any tunneling) on the expected response as a function of tip radius [5] show that one does expect a factor of two increase when the tip radius equals the oxide thickness (Fig.2) . Based on this criterium the radius of the tip used in Fig.l should be less than 3nm. The impact of the tunneling and/or surface conduction can be assessed by comparing the detected resistance increase versus the thickness of the oxide (Fig.2) . Without tunneling the theoretical calculations predict an extremely rapid increase when the oxide thickness is larger than the tip diameter. The experimental data show a much slower increase.
What is also interesting to observe is that the shape of the resistance increase when approaching (left or right) the oxide layer, is very different. In principle this increase is solely due to the impact of the insulating layer on 2D-current distribution and should be identical for both sides, as the doping levels are nearly identical. Potential explanations for the asymmetry could be differences in interfacial roughness, presence of interface charge causing some depletion, (assymmetrical) tip artefacts or variations in the dopant profile in the near-interface region. As multiple tips and scan directions were used, tip artefacts can be excluded. Note also that the pyramidal tips rarely show such an asymmetrical shape as well. Since both sides are highly and almost equally doped, an asymmetrical carrier profile resulting from interfacial charges is highly unlikely. Moreover it would require an extremely high interface charge which is not expected as the sample was grown in a standard, high quality CMOS-line. Finally it needs to be mentioned that the dopant profiles in the poly are completely flat with a small interfacial peak. Hence a reduced dopant level in the near surface region is not an explanation either.
Hence one is left with two possible explanations i.e either a gradient in the activated dopant profile in the polysilicon (regardless of the flat dopant profile) or a larger interfacial oxide roughness on the polysilico side. Needless to state that either of them can only be probed when the spatial resolution is of the same order of magnitude. The TEM-results in Fig.l clearly show a difference in interfacial roughness between the polysilicon and oxide versus the silicon and the oxide suggesting that the steeper increase of the SSRMsignal on the silicon side (right) versus the more gradual increase on the polysilicon side (left) is a measure for the interfacial roughness. The ability to probe these small differences in interfacial roughness then illustrates the excellent spatial resolution of the SSRM technique.
An even more challenging test is presented by the case of an extremely thin oxide (0.7 -0.9 nm, see Fig.3 ). Regardless of this very small oxide thickness, the SSRM line scan does show a pronounced increase in resistance peak, still exceeding a factor two. Based on this result and Fig.2 , one would estimate the tip radius to be as small as 0.7-0.9 nm. In this particular measurement the choice of an optimum bias voltage between the probe and the sample (+ 50 mV) aids in reducing the noise and thus in the peak identification.
The situation for SCM is a little bit more complex as the test structure is unfavourable for SCM. Indeed in the highly doped region as well as in the oxide the SCM signal is fairly low (zero for the oxide) thus limiting the available contrast. When using only single line scans, the electrical noise is really too high and even the 8nm oxide sample, is hardly discernable (Fig.4) . Averaging over 100 lines leads to a better signal to noise ratio allowing to reveal distinct features which could be interpreted as characteristic for the oxide. In principle the signal should be zero when the tip is above the oxide which in Fig. 5 is noticeable as a small dip in the signal. For thicker oxides (up to 50nm) a reduction of the signal to zero volt is indeed observed [6] . Taking the width of the region with low SCM-signal as representative for the apparent thickness of the oxide, one finds a value of 15 nm for the 0. measured thickness increases to about 20 nm. This saturation at 15 nm is a clear indication of the relative large tip radius and/or sampling volume in SCM, limiting its final spatial resolution. Note also that the amplitude of the signal reduction is very small and does not seem to depend too much anymore on the oxide thickness. All this provides evidence for the conclusion that the measurements are severely limited by the sampling volume of SCM and that very fine features will be convoluted with the response function of SCM. The latter is quite clear in the SCM images for the thinnest oxides (Fig.7) . The achieved spatial resolution (~ 15 nm) is in line with previous observations on the spatial resolution of SCM being inferior to SSRM.
Basically the SSRM response function can be characterized by the height and the width of the SSRM peak. A larger tip gives a lower peak (see Fig. 2 ) whereby, for a factor two increase, the oxide thickness equals the tip radius [5] . The heigh criterium is a straighforward approach which sets univocally the electrical tip radius, (in our case to less than 1 nm).
Unfortunately it is difficult to compare to the SCM results. As such we have used in the comparison with SCM (Fig.6 ) the full width half maximum (FWHM). The latter is somewhat pessimistic as it includes the known [5] resistance increase outside the oxide due to the insulating boundary which typically extends over a few tip radii. A better way would be to look at the difference between the FWHM for various oxide thicknesses. In that case, the difference between the 3.4 and 0.8 nm structures is clearly visible (4 ± Inm) and close to the expected 2.8 nm value (see Fig. 6 right).
Although the present structure is far from ideal for SCM, it does higlight some of its problems and limitations in spatial resolution. For instance beyond the tip broadening of the oxide region, the SCM results also show a broad peak around the oxide region. The latter is somewhat surprising and not really understood. It seems to suggest a reduced concentration over a fairly broad region (on both sides of the oxide!!) which based on the process history is rahter unrealistic. Moreover no such a decrease (over more than 15 nm) is seen in SSRM. For optimized measurements, new test-structure with buried oxides in between lowly doped silicon layers should be processed.
Dopant gradient resolution
For the analysis of the dopant gradient, test structures composed of highly doped box-like profiles have been developed. Some of these profiles have been moderately annealed leading to a series of samples with a doping gradient between 5 and 10 nm/dec.
A sub-30nm p+p (5el9 boron on lei5 p-type substrate) box-like profile (labeled CVD 1.12) has been studied with SSRM (see Figs. 8 (bottom) and 9) . Before discussing the SSRM results it is important to realize that one first has to estimate the carrier distribution correlated with this dopant profile as the latter are not identical and SSRM is probing the carrier profile. The difference originates from the outdiffusion of the mobile carrier which can be calculated directly by solving the Poisson equation, (square markers in Fig.8 top) using the SIMS dopant profile (cross markers in Fig.8 top) as input. The differences between carriers and dopant are quite large (cfr. Fig.8 ) in those cases where a steep dopant profile is present on top of a lowly doped substrate. The thus calculated carrier profile represents the situation whereby one would be able to look inside the sample without causing any distortion. Unfortunately in order to perform a SSRM (and SCM) measurement, one needs to make a (polished) cross section. This polished surface is far from ideal and contains a lot of surface states. Since SSRM and SCM probe the carrier distribution on this polished cross section, any impact of the surface on the near-surface carrier profile will be reflected in the SSRM and SCM results. In order to assess the impact of the surface states on this profile, we have calculated the final carrier distribution as it will be found on the polished surface (triangle markers in Fig. 8 top) . The details of this surface state model and its impact on the carrier profile have been discussed in detail [7] . The calculations show that in this case the surface states enhance the profile steepness in the (very) low doping regions with virtually no impact on the width of the highly doped plateau (~ 25nm).
The SSRM measurement (Fig. 8 bottom) shows a slightly smaller plateau (about 22 nm) (probably linked to top surface edge rounding effects and/or an improper calibration of the piezo) and an increase of the resistance near the top surface (probably linked to the vicinity of the non-conducting glue layer). The slope of this fist region amounts to a gradient of about 1 nm/dec. In terms of sensitivity (and spatial resolution) it is again important to point out that within the thin 20nm plateau region, SSRM is still able to detect the light gradient in the dopant (carrier) profile, cfr the slope on the SSRM-profile between 5 and 20 nm versus the slope on the dopant (carrier) profile. At the interface (20-22 nm) the small dopant peak at the end of the plateau is also visible in the SSRM this thin 20 nm plateau region measurement indicating once again a very nice spatial resolution and carrier concentration sensitivity.
When comparing the quantified SSRM-profile with the simulated one based on the surface state model, a reasonable agreement can be observed. Discrepancies are related to the improper tuning of the surface states model and non-linearities in the piezo-system causing the near-surface depletion due to the glue. The gradient in the near-surface region is around 1 nm/dec whereas at the end of the plateau a gradient of 2.2 nm/dec is found. In particular for this one we do not know whether it is due to the limitations of the surface states model or the SSRM technique.
Concentration Sensitivity
For assessing the concentration sensitivity use can be made of the staircase structures (T8 for p-type and T9 for n-type) introduced originally for the calibration of SRP-profiles and now also for SSRM and SCM [8] [9] . In Fig 9. (top), single line scan SCM and SSRM measurements on the n-type T9 staircase structure are shown. Note that in Fig. 9 we display directly the sensor output. In SSRM this voltage is the output of the logarithmic current measurement unit. Thus when switching the bias voltage in SSRM the current flows in an opposite direction and a reversed voltage is produced.
One can clearly observe that the signal to noise ratio is drastically better for SCM than in Fig. 3 and independent of the dopant concentration. This is most probably linked to the fact that the structure is here composed of large constant dopant level steps and thus additional (stray) signal from the same doping levels improves the signal to noise ratio. Conversely the low signal to noise ratio of SCM on small structures must be viewed as indicative for the influence of sampling nearby layers with different concentration levels.
For SSRM the signal to noise ratio is very much bias voltage dependent and somewhat better for highly doped layers versus lowly doped ones. This may be explained with characteristics of the tip-semiconductor contact which can be described as Schottky-like contact combined with a tunneling barrier. In highly doped areas, the contact is ohmic-like (the barrier is transparent) while it's shottky and thus more affected by electrical noise in lowly doped areas. In line with this model it is also clear that for each impurity type in principle an optimum bias voltage exists for reducing the electrical noise (see Fig 9) .
Generally speaking both systems arrive at an acceptable noise level (~ 5%).
APPLICATION ON A 90nm CMOS STRUCTURE
Finally SSRM and SCM measurements have been realized on 90nm CMOS devices in order to highlight the capabilities of the techniques for technological applications and the ability to probe relevant parameters such as the sensitivity to HDD/LDDstructure, halo and threshold voltage implants.
The results reported here relate to a NMOS transistor with a (nominal) 90 nm gate. For both techniques a gate size between 91 and 94 nm can be measured. The effective channel length measured with SSRM lies between 58 and 62 nm. This indicates an underdiffusion in the order of 15 nm. A similar value is found when analyzing a transistor with a 150 nm gate taken from the same process. Determining the effective channel length with SCM is a little bit more complex due to the smaller signal/noise ratio and weaker contrast. By using the phase image, an effective channel length of 45 nm has however been estimated.
The main advantage of the SSRM relative to SCM is clearly its ability to probe the detailed halo and Vtadjust implants which in SCM are screened by the broad junction depletion bands and the limited signal to noise ratio. (See Fig. 10 (right) ). 
CONCLUSIONS
By using a series of dedicated test structures it has been possible to assess the performance parameters of SSRM and SCM with respect to spatial resolution SSRM is able to resolve 0.8 nm oxide layers while in SCM layers less than 15 nm all look identical. Recent results with SSRM on advanced devices such as SOIstructures confirm these results. The sectioning and polishing procedure used in SSRM and SCM does cause some distortions in lowly doped regions due to the presence of surface states on the polished surface. At least with SSRM dopant gradients in the order of 1 -2 nm/dec can be determined.
With respect to concentration sensitivity, SCM shows a better signal/noise ratio on large structures due to its larger sampling volume. However in terms of ability to probe detailed halo/voltage adjust implants, SSRM is by far superior due to the clear delineation of the junction position (versus the broad bands in SCM) and its intrinsic sensitivity to small dopant concentration variations.
This preliminary study tends to prove that subnanometer oxide layers can be detected with both SSRM (peak visible in single line scan for optimum bias) and SCM (in averaged scan). It also appears that the signal to noise ratio is (given the present sample preparation procedures) better for SSRM than for SCM in highly doped areas but decreases with the doping level. SSRM is able to resolve ultra-shallow and very abrupt profiles.
